Small heat-stable, acid-soluble proteins (HASP) have been isolated from Bacillus subtilis nucleoids obtained from cell lysates of low ionic strength and lysozyme concentration. They were identified by their ability to bind homologous and heterologous native and denatured DNA. Four major species, of 8.5, 12, 23 and 26 kDal, were found. Their affinity for DNA was moderate as measured by the sensitivity to ionic strength of the DNA-protein complex (0.1-0.4 M-NaCl). Partial digestion by micrococcal nuclease of the 'low ionic strength nucleoids' released a DNA fragment of 80-120 bp. The data reported here indicate that small basic proteins, together with other components such as RNA, cations and polyamines, may be involved in the compaction of the prokaryotic genome.
INTRODUCTION
In prokaryotic and in eukaryotic cells the expression of the genome has been correlated with the spatial organization of the DNA molecules (Ryter & Chang, 1975; Hamkalo & Rattner, 1980) . It is well known that proteins, mainly histones, play a key role in the structure of the eukaryotic chromosome by determining its arrangement in nucleosomes and consequently in a more compact conformation (Noll, 1974; Kornberg, 1977) .
In prokaryotes, several authors have reported the isolation, mostly in the Gram-negative bacterium Escherichia coli, of various small histone-like basic proteins : (i) the HU protein (Rouviere-Yaniv & Gros, 1975; Rouviere-Yaniv et al., 1979) [analogous to the H D protein (Berthold & Geider, 1976 ), prot 2 (Varshavsky et al., 1977 and NS, NSl (Suryanarayama & Subramanian, 1978) l; (ii) the HLP I (Lathe et al., 1980) , which may be equivalent to prot 1 of Varshavsky et al. (1977) ; (iii) the H protein (Hiibscher et al., 1980) . The isolation of the bacterial genome as a DNA-RNA-protein complex more or less comparable to the eukaryotic chromosome or chromatin (Stonington & Pettijohn, 1971 ; Worcel & Burgi, 1974; Hirschbein et al., 1977; Sjistad et al., 1982) made feasible biochemical and electron microscopic studies of the purified Gram-negative and Gram-positive bacterial nucleoid. Depending on the procedures used to lyse the cells and to prepare the lysates for electron microscopy, several groups observed either a bunch of naked DNA supercoiled loops (Delius & Worcel, 1973; Kavenoff & Ryder, 1976; Charret et al., 1980) , or a nucleoprotein-like structure (Griffith, 1976; Materman & Van Gool, 1978; Sjistad et al., 1982; R. Charret, unpublished data) .
We previously reported the isolation of a protein fraction from Bacillus subtilis nucleoids during vegetative growth and sporulation (Le Hegarat et al., 1978) . In this work we focused on a specific group of proteins displaying some histone-like properties, i.e. heat-stability, acidsolubility and abundance in the cell. The HUBS protein (the B. subtilis equivalent of E. coli H U v . SALTI, F . L E HEGARAT A N D L . HIRSCHBEIN protein), is bound to nucleoids prepared at low ionic strength (Fleury-Guerout, 1978) . Therefore, to increase the yield of this particular type of DNA-binding protein, we used nucleoids extracted at low ionic strength. We report here the existence in B. subtilis nucleoids of small DNA-binding proteins, and discuss their possible function in the tertiary structure of the bacterial genome.
METHODS
Grcwrh of hucreriu. Bacillus subtilis 168 trpC2 was grown at 37 "C for four generations in nutrient broth (Schaeffer er ul., 1965) to an optical density (OD570) of 0.8. For radioactive labelling of DNA, [rnethyl-3H]thymidine (1 pCi ml-' specific activity 48 Ci mmol-' ; 1.78 TBq mmol-I) was added at the time of inoculation.
Estraction and Iubelling of DNA for binding experiments. B. subtilis chromosomal DNA was prepared by the method of Saito & Muira (1963) . In order to obtain higher purity of the DNA, a CsCl/ethidium bromide centrifugation step was added. E. coli plasmid pPH70 (Hentschel & Birnstiel, 1981) and B. subtilis plasmid pGY 102 DNA were kindly supplied by Dr J. C. Le Hegarat (Huerre & Le Hegarat, 1979) . Bacteriophage Ifir A19, (chosen for reasons given in the Discussion), was a generous gift from Dr R. Lathe (Lathe et al., 1977) . Calf thymus DNA was purchased from Sigma. Samples of DNA were labelled with 32P to high specific activity (0.5-1 x lo8 cpm pg-I) using the Amersham Nick Translation kit.
lwlation of 'low ionic strength nucleoids' and preparation of heat-stable acid-soluble proteins (HASP). Cells were lysed by the procedure of Guillen et a/. (1978) , modified as follows. Exponentially growing cells (600 ml) were harvested and suspended in 40 ml SMM buffer [500 mM-sucrose, 20 mmmaleate buffer pH 6-5, 20 mM-MgCl,, 3 mM-EDTA, 0.3 mM-phenylmethylsulphonyl fluoride (PMSF)]. The mixture was incubated at 37 "C for 5 rnin in the presence of lysozyme (0.2 mg ml-I) and then centrifuged at 8000 r.p.m. for 10 min at 10 "C, using a JS13 rotor in a 521 Beckman centrifuge. The pellet was resuspended in 16 ml solution A [ 10 mM-Tris/HCl pH 8-2, 10 mMNaN,, 100 mM-NaC1, 2 mM-EDTA, 20% (w/v) sucrose, 0.2 m~-PMSF]. Then 1.5 vols solution C [1% (w/v) Brij 58, 0*4?< (w/v) sodium deoxycholate, 10 mM-EDTA, 12 mM-spermidinel were gently added to the protoplast suspension. The mixture was incubated for 5 rnin at 4 "C. Lysis was obtained by addition of NaCl to a final concentration of 0.1 15 M. The lysate was clear and non-viscous.
Nucleoids were purified from the lysate by layering it on 20-60% (w/v) sucrose gradients containing 50 mMTris/HCl pH 8-2, 100 mM-NaC1 (1-3 ml of sample on a 13 ml gradient). The gradients were centrifuged in a Beckman SW 27 rotor at 8000 r.p.m. for 20 min at 4 "C. Fractions (0.5 ml) were collected and the amount of TCAprecipitable radioactivity was measured in 25 p1 of each fraction using a toluene scintillator in a Packard spectrometer. The DNA-containing fractions were pooled and kept at -20 "C; they are hereafter termed 'low ionic strength nucleoids'.
HASP were prepared from nucleoids after first treating them with DNAase I (1 pg ml-I) in the presence of 10 mM-MgC1, for 3 h at 4 "C. The protein concentration was determined by the Lowry method. For each HASP preparation, 10 ml of the nucleoid solution (0.5 mg protein ml-I) was heated at 100 "C for 10 rnin and then left on ice for 15 rnin to allow precipitation, followed by centrifugation in a Beckman JS13 rotor at 10000 r.p.m. for 20 min at 4 "C. HCl was added to a final concentration of 0.25 M and the supernatant was then incubated at 4 "C for 15 min. The acid-soluble fraction was obtained by centrifugation as above. All protein samples were precipitated by 5% (w/v) TCA, neutralized with ammonia and dissolved in a 10 mM-sodium phosphate buffer pH 7 containing 8 M-Urea for further electrophoretic analysis.
Elecrrophoreric analysis of proreins. SDS-polyacrylamide slab gel electrophoresis was carried out using the system of Laemmli (1970) DNA binding ussap. These were done by the method of Bowen et a/. (1980) . After protein transfer the nitrocellulose filter was immersed for 15 rnin in 200 ml urea-containing buffer (50 mM-NaC1, 2 mM-EDTA, 4 Murea, 0.1 mM-DTT, 10 mM-Tris/HCl pH 7) and then for 30 rnin in 200 ml binding buffer [50 mM-NaC1, 1 mM-EDTA, 10 mM-Tris/HCl pH 7, 0.02% (w/v) BSA, 0.02% (w/v) Ficoll, 0.02% (w/v) polyvinylpyrrolidone]. The proteins were incubated in the presence of the 32P-labelled DNA probe for 60 min.
DNA-cellulose column chromatography. Double-stranded calf thymus (DSCT) DN A-cellulose was prepared by the technique of Litman (1968) , as modified by Alberts & Herrick (1971) . Nucleoid proteins were applied as described by Brehm et a/. (1974) .
Micrococcul nuclease digestion. In an attempt to unravel the organization of DNA in the B. subtilis nucleoid, freshly prepared 'low ionic strength nucleoids' were digested by micrococcal nuclease. The following mixture was incubated at 4 "C, for 0 to 10 min: 600 pl 'low ionic strength nucleoids' (about 30 pg DNA), 25 mM-CaCl,, 135 units of micrococcal endonuclease. The reaction was stopped by adding 10 mM-EDTA pH 7.
Agurose gel elecrrophoresis of' DNA. In order to analyse the products of digestion of the 'low ionic strength nucleoids' by micrococcal nuclease, the D N A was extracted as follows. R N A was digested by incubation for 30min at 4°C with 120pg pancreatic RNAase that had previously been heated for 1Omin at 90°C (final concentration 156 yg ml-I). Protein was removed by two successive phenol extractions [ 1 vol. phenol saturated with TES buffer (50 mM-Tris/HCI pH 7,5 mM-EDTA, 50 mM-NaCl)]. The DNA was precipitated by the addition of 0.33 vol. cold 95% (v/v) ethanol. The pellet collected after 15 min centrifugation in an Eppendorf microfuge was dissolved in TES buffer for gel electrophoresis. Agarose gel electrophoresis was carried out at room temperature in a vertical apparatus [gel dimensions 17 x 12 x 0.5 cm; 2% (w/v) agarose] at 80 V for 4 h in Tris/acetate buffer (40 mM-Tris/acetic acid pH 7&20 mM-sodium acetate, 2 mM-EDTA). The gel was stained with ethidium bromide (5 yg ml-I) for 10 min, destained in H,O for 10 min (two changes) and observed under UV light, wavelength 366 nm.
R E S U L T S
Isolation o j B. subtilis nucleoids at low ionic strength The presence of the HUBS protein in B. subtilis was detected by Fleury-Guerout (1978) by cross-reaction with an E. coli HU protein antiserum. When the bacteria were gently lysed by using 0.2 M-NaCI, the protein was released from the nucleoids into the supernatant. At lower NaCl concentrations (<0.15 M) HUBS remained bound to the nucleoid. Therefore we looked for the lowest salt concentration at which cell lysis would occur. We found that the limit was 0.1 15 M-NaCl and prepared nucleoids from a lysate at this salt concentration. We also lowered the amount of lysozyme 30-fold, in order to reduce non-specific binding of this molecule to the DNA. The nucleoids prepared by this modified procedure were called 'low ionic strength nucleoids' .
Our previous work on nucleoid proteins (Guillen et al., 1978) had been done on nucleoids prepared from lysates made at higher salt concentrations (1 M and 0.2 M-NaCl lysates). Therefore we compared some properties of the 'low ionic strength nucleoids' with those of the earlier types so as to check that our modifications of the isolation procedure had not introduced drastic changes in their characteristics. Sedimentation rates were compared by running the two kinds of nucleoids in different tubes of the same centrifugation (Fig. 1) . The sedimentation rate of the nucleoids prepared from 0.2 M-NaCl lysates was 3000-4500 S, wherease that of the 'low ionic strength nucleoids' was 4900-6400 S. The composition of the 'low ionic strength nucleoids' is compared with those of the 0.2 M and 1 M-NaC1 nucleoids in Table 1 . The major differences appear in the protein and phospholipid contents, which are higher in the 'low ionic strength nucleoids'. The presence of HUBS only in the 'low ionic strength' nucleoids indicates that the differences in protein content are not only quantitative but also qualitative. However, comparison of protein fractions from 0.2 M-NaCl nucleoids and 'low ionic strength nucleoids' analysed by SDS-PAGE did not show any striking differences (Fig. 2) . HUBS (Fig. 2, lane 3) was not detected in the 'low ionic strength nucleoids' (Fig. 2, lane 2) by Coomassie blue staining. Thus, detection of minor species can only be achieved either after further purification of the proteins or by using more sensitive techniques, for example, binding to radioactive DNA or immunoreac t ion with a specific antiserum.
We also examined the effect of the decrease of lysozyme concentration. The nucleoid total protein electrophoretogram was not altered by a decrease in lysozyme concentration (except for the decreased amount of lysozyme associated with the 'low ionic strength nucleoids'). Moreover, electron micrographs of 'low ionic strength nucleoids' were similar to those previously observed (Charret et al., 1980, and unpublished data).
Thus we purified 'low ionic strength nucleoids' as a potential source of histone-like proteins in B. subtilis.
Isolation o j a HASP fraction from 'low ionic strength nucleoids'
The HASP fraction was isolated from 'low ionic strength nucleoids' by a two-step procedure in which nucleoids were initially heated and then acidified (see Methods). Only 7-10% of the nucleoid proteins remained soluble after this treatment. This represents 1-1.5% of the total cell protein measured in the lysate. Considering the low yield of HASP, it was necessary to determine the optimum conditions for electrophoresis and transfer of these proteins by running different amounts of total nucleoid proteins on the gel and checking their retention on the nitrocellulose filter by amido-black staining. Then, in order to evaluate their ability to bind DNA, the transferred proteins were incubated with 32P-labelled D N A . The efficiency of transfer and of D N A binding was improved if at least 400 pg protein was loaded (Fig. 3) . We routinely loaded 600pg protein. The HASP species were analysed by SDS-PAGE (Fig. 4a) . Approximately 50 bands can be detected in the nucleoid before the heat/acid treatment (Fig. 4a,  lane 3) ; only approximately 20 are visible after treatment (Fig. 4a, lane 2) . Comparison of these fractions also shows that the treated fraction is enriched in several polypeptides, chiefly in the range from 7 to 12 kDal. The increase in low molecular weight polypeptides is not a result of proteolytic degradation, as the proteins still show DNA-binding activity (Fig. 4b-4 . A densitometric trace of the relative amounts of the various Coomassie blue-stained HASP seen in Fig. 4((1) , lane 2, is given in Fig. 5 .
DNA-binding characteristics of' the nucleoid HASP
To assay the DNA-binding of the different nucleoid HASP after the electrophoresis, the proteins were first transferred by electroblotting from the polyacrylamide gel to a nitrocellulose sheet (see Methods). Nitrocellulose filters containing identical amounts of nucleoid HASP and total nucleoid proteins were incubated with 32P-labelled DNA. Autoradiograms showing proteins which bind to homologous B. subtilis chromosomal DNA, pGY 102 plasmid DNA and heterologous Afir A19 DNA are presented in Fig. 4 . Four major binding proteins, of 8-5, 12, 23 and 26 kDal, were found. The amount of DNA bound by these four species, visualized on the autoradiograms by the intensity of the radioactive bands, was of the same order of magnitude.
Their relative amounts in the SDS-polyacrylamide gel were respectively 16.8%, 7.1 %, 3.7% and 5.6% of the total protein (Fig. 5) . Several minor bands could also be detected. Their DNAbinding activity varied between experiments (for example a 14.5 kDal species seen in Fig. 4b,  lane 2) . One of the bands is clearly not a B. subtiiis protein, but the lysozyme used to lyse the cells. In the electrophoresis conditions used here the lysozyme migrated as a 9.6 kDal protein. This discrepancy has already been pointed out by Nakayama et al. (1981) and others.
The binding of total nucleoid proteins and HASP to another heterologous DNA, i.e. calf thymus DNA, either in its native or its denatured form, was also assayed by the same technique. Fig. 4(a) , lane 1 .
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DNA binding patterns similar to those described above were obtained in both cases (data not shown).
EJect of' ionic strength on the DNA-binding o j nucleoid HASP
In order to determine the affinity of DNA of the HASP isolated from 'low ionic strength nucleoids' we investigated the sensitivity to ionic strength of their protein-DNA complexes, using affinity chromatography. Untreated total nucleoid proteins were applied to a DNAcellulose column. After a thorough washing with binding buffer, the protein fraction bound to the column was removed by raising the NaCl concentration of the elution buffer in four steps. The major nucleoid HASP were identified after SDS-PAGE by their molecular weights (Fig. 6) . The 8.5, 12, 23 and 26 kDal species were released from the DNA at concentrations between 0.1 M-and 0.4 M-NaCl. Being present at a very low level in the nucleoids, many other DNAbinding proteins appear to be detected only after an enrichment by the affinity chromatography step (lane 3).
Micrococcal nuclease digestion o j 'low ionic strength nucleoids'
In order to look for an organized structure of the genome of B. subtilis the 'low ionic strength nucleoids' were digested by micrococcal nuclease and the products of DNA digestion were separated by agarose gel electrophoresis. As shown in Fig. 7 , in digested rat liver chromatin at least eight multimers of the monomeric 200 bp nucleosome subunits were detected, whereas in the B. subtilis nucleoid only a wide band of 80-120 bp was observed. This type of result is in agreement with the findings of other authors (Varshavsky et a/., 1977; SjAstad et a/., 1982) .
DISCUSSION
In the present work we report the isolation and properties of several small molecular weight, basic, heat-stable proteins (HASP) found in B. subtilis. In order to undertake the first systematic research of such DNA-binding proteins in a Gram-positive species we used purified B. subtilis nucleoids as a starting material.
It is well known that data on the structure and the composition of the bacterial chromosome are dependent on the extraction techniques (Hirschbein & Guillen, 1982) . In this work, the changes made to our previous isolation procedure, mainly by lowering the ionic strength used for the cell lysis, led to the isolation of fast-sedimenting DNA particles which could be seen in the (Noll & Kornberg, 1977) . electron microscope and were therefore still nucleoids and not bacterial chromatin as defined by Sjgstad el al. (1982) . Also, in contrast to E. coli, no membrane-free nucleoids could be obtained in B. subtilis by any method. Thus not all the nucleoid proteins are expected to be DNA-binding proteins. DNA-cellulose affinity chromatography of the total nucleoid proteins followed by SDS-urea polyacrylamide gel electrophoresis, electroblotting and subsequent DNA binding assays reveal that many of the proteins had DNA-binding activity. From a technical point of view, it is noteworthy that the amount of protein layered on the gel is critical in this procedure. Not all polypeptides are transferred with the same efficiency. Besides, below a lower limit of protein amount (probably dependent on the molecular species) no DNA-binding can be detected. Thus comparison of different samples requires great caution. After treatment by heat and acid only a small subset of proteins (HASP) retains DNA-binding properties. Four major proteins, of 8.5, 12,23 and 26 kDal, and several minor ones, bind to a variety of different DNAs.
The properties of the nucleoid HASP, i.e. heat-stability, acid-solubility, equivalent binding to homologous and heterologous DNAs as well as to single-or double-stranded DNA, small molecular weight and relative abundance, are similar to those adduced for recently described histone-like proteins. B. subtilis nucleoid HASP have not previously been described except for the 8.5 kDal species which comigrates with HUBS in SDS-urea-polyacrylamide gels. None of them seems to be related to the B. subtilis P6 protein of Nakayama et af. (1981) or to small basic proteins found only in the spores of Bacillus megaterium (Curiel-Quesada & Setlow, 1984) . No homology could be detected in the B. subtilis genome with histone genes cloned from the seaurchin Psammechinus lividus on plasmid pPH70 (Hentschel & Birnstiel, 1981) . Nor was any homology found with the gene for HLPI cloned on phage llfir A19. A similar situation is met in E. coli. However, it will be interesting to use immunological techniques to look for protein homology between HASP and (i) histone-like proteins from E. coli or from Baciffus globigii HB (Imber et af., 1982) and P6 (Nakayama et al., 1981) , and (ii) histones themselves.
The proportion of the four major HASP species (33% of the total HASP) in the nucleoid, 0.23 pg protein per pg DNA (1 pg histone is found per pg DNA in chromatin) seems insufficient to promote the high degree of genomic compaction found in viuo. Also the affinity for DNA of these proteins measured by DNA-cellulose affinity chromatography is lower than that of histones. We have already shown that high salt concentration modifies the structural properties of the nucleoid (Guillen et al., 1978) . Nucleoids isolated from high ionic strength (1 M-NaCl) lysates have lower sedimentation rates than those isolated from 0-1 15 or 0.2 M-NaCI lysates. Also, either proteinase K or RNAase treatment of the purified nucleoid both decreases their sedimentation rate, and results in the presence of more relaxed loops in electron micrographs (Charret et al., 1980). These results strongly suggested that supercoiled loops are stabilized by interactions between DNA, proteins and RNA. The proteins described in here are likely to be involved in this stabilization. Our results from micrococcal nuclease digestion also favour the idea that the genome is organized into DNA-protein subunits. As no multimeric intermediates have been detected, this structure is different from that of eukaryotic chromatin and is probably more labile. Altogether these data suggest that the structure of the genome is consolidated by other components such as RNA (alone or complexed with proteins), cations and polyamines.
Further work is necessary to purify the proteins reported here, so that attempts can be made to ascertain their function in the cell. The involvement of several histone-like proteins in the chromosome structure could be a general feature of the prokaryotic genome.
